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ABSTRACT
Four different structural problems are solved to
gain familiarity with the NASTRAN computer program.
The problems are: (1) a simply-supported beam subjected
to lateral loads, (2) a rotating filamentary composite bar
under the action of centrifugal forces, (3) a missile body
with aerodynamic, gravitational, and inertial forces, and
(4) a square simply-supported plate with in-plane tempera-
ture changes capable of buckling the plate. Input and out-
put data are given for each problem. These should be of
assistance to those who are using the program for the
first time.
The results are compared with those obtained by
other methods. However, except for the examples employing
beam elements in which the agreement is excellent, the ele-
ment breakup chosen for convenience in obtaining program
familiarity is too coarse to draw conclusions regarding the
program accuracy. The example problems disclosed errors
in the plotting and thermal-buckling routines of the program.
The program was found to offer many user conveni-
ences. Data preparation was straightforward once famil-
iarity with the format appropriate to the problem was gained.
The program documentation is complete for reference pur-
poses, but is lacking in that it does not rapidly orient the
new user. The capabilities and conveniences of the program
greatly outweigh its inadequacies, and it is recommended
that APL/JHU continue to update the program with each
new release from NASA.
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1. INTRODUCTION
The advent of high-speed digital computers has had
a revolutionary effect upon the analysis of stress and de-
flection of structures. Prior to the availability of these
computers, it was necessary to use simplifying approxi-
mations to analyze structural components. Although ap-
proximate theories such as those for beams, plates, and
shells frequently give satisfactory results for simple struc-
tural components, they are generally unsuitable for the ac-
curate analysis of complex structures.
Matrix methods of structural analysis in which the
complex structure is considered to be an assemblage of
simple finite-sized elements were introduced in the late
1950's (Refs. 1 and 2). Most of the matrix methods that
have been developed since then have used either forces or
displacements as the unknowns. Of the methods that have
been proposed, the so called "direct-stiffness" displace-
ment method introduced in Ref. 2 has proven to be rela-
tively simple to program and has given well-conditioned
solutions. As a result, it has been widely used and under-
gone extensive development. Today many programs are
available that use the direct-stiffness method and it does
not appear economical for organizations contemplating the
need for such a program to develop their own unless they
require small special-purpose programs that will be suffi-
ciently used to merit the costs of program development.
However, in some cases it may be justifiable to write sim-
ple, efficient programs for special types of problems in-
stead of using a large, complex, and inefficient all-purpose
program.
Of the general-purpose programs, the NASA STRuc-
tural ANalysis (NASTRAN) program is capable of handling
the largest number of different types of structural prob-
lems. Several million dollars have been invested in the
-1-
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development of this program and an annual expenditure of
approximately one-half million dollars has been budgeted
by NASA for its upkeep and improvement.
The diversity and complexity of structural problems
encountered by the Johns Hopkins University Applied Phys-
ics Laboratory (APL) are such that the availability of a
general-purpose program is a necessity. The capabilities
of the nonproprietary NASTRAN program make it a natural
choice. Furthermore, the Naval Ship Research and Devel-
opment Center (NSRDC) had already installed Level 12. 0
of the program on the IBM 360 computer at APL and, when
the program was released by NASA to nongovernmental
agencies, the use of it was offered to APL.
Although the NASTRAN program had been installed
on the APL computer, APL personnel had not been involved
and were, therefore, untrained in the use of the program.
Self instruction in the use of the program is not a small
undertaking. The program has a total of twelve rigid for-
mats to provide a general-purpose capability as follows:
1. Static Analysis
2. Static Analysis with Inertia Relief
3. Normal Modes Analysis
4. Differential Stiffness Analysis
5. Buckling Analysis
6. Piecewise Linear Analysis
7. Direct Complex Eigenvalue Analysis
8. Direct Frequency and Random Response
9. Direct Transient Response
10. Modal Complex Eigenvalue Analysis
-2-
THE JOHNS HOPKINS UNIVERSITY
APPLIED PHYSICS LABORATORY
SILVER SPRING. MARYLAND
11. Modal Frequency and Random Response
12. Modal Transient Response
The program documentation that is available from the
NASA COSMIC Office consists of a Theoretical Manual
(Ref. 3), a'User's Manual (Ref. 4), a Programmer's
Manual (Ref. 5), and a Demonstration Problem Manual
(Ref. 6). The total number of pages in these documents
is roughly 3300. Unfortunately for the new user, the
manuals are for reference rather than tutorial purposes
and do not include indices.
The Demonstration Problem Manual gives a com-
parison of NASTRAN results with solutions to the same
problems obtained by other methods; however, this man-
ual does not contain the input or output data for the NAS-
TRAN solutions. As a result, it alone is of little value
as a learning aid. The NASTRAN tapes available from
COSMIC contain a file of the bulk data card images for the
demonstration problems, but to obtain the full set of input
and output data it is necessary to prepare executive and
case control decks and run the problems. The NSRDC
was never successful in getting this portion of the tape to
run on the APL computer. Furthermore, considerable
computer expense would be entailed in running the 25
demonstration problems.
After the four NASTRAN manuals were reviewed, it
was concluded that the only sensible way to become famil-
iar with the program would be to prepare the data for sev-
eral example problems and run them. The purpose of this
report is to document the input and output data for the ex-
ample problems, in the hope that the examples will be
helpful to those who are learning to use the program.
Subsequent to running some of the example prob-
lems, a set of the printouts of the demonstration problems
of Ref. 6 was obtained. These printouts (which were run
with NASTRAN Level 8. 1. 0) proved to be of considerable
help, because there are several places where the User's
Manual is unclear and some places where it is misleading.
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After the work documented in this report was com-
pleted, a copy of a beginner's guide (Ref. 7) that is used
in the NASTRAN training courses taught by the MacNeal-
Schwendler Corporation was obtained. The printouts for
the demonstration problems, the beginner's guide, and
Refs. 8 through 12 should prove helpful to the new NASTRAN
user. The BBE Project Office of APL has these refer-
ences on file.
The job cards that are required to run NASTRAN
on the APL computer are described in Ref. 12. The new
user should also be aware of two newsletters that are
periodically published for NASTRAN users. One of these,
the NASTRAN Newsletter, is published by NASA. Users
may be placed on the distribution list for this newsletter
by writing or phoning:
NASTRAN Systems Management Office
Mail Stop 188c
NASA Langley Research Center
Hampton, Va. 23365
Telephone: (703) 827-2388
The other is the Navy Structures Computer Program NEWS-
LETTER that is published by NSRDC and is available from:
NASTRAN Evaluation Project, Code 823
Department of Applied Mathematics, NSRDC
Washington, D. C. 20034
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2. EXAMPLE PROBLEMS
Example problems were chosen to exercise differ-
ent rigid-format, structure-definition, loading, and out-
put options of the program. The example problems are as
follows:
1. Static Deformations of a Simply-Supported
Beam
2. Static Deformation of a Composite Rectangular-
Planform Flywheel
3. Static Deformation of a Missile Body Under the
Action of Aerodynamic and Inertial Loads
4. Thermal Buckling of a Square Simply-Supported
Plate
The program features that are demonstrated by these prob-
lems are:
1. Rigid Formats
a. Static Analysis
b. Static Analysis, Inertia Relief
c. Buckling Analysis
2. Structure Definition Options
a. Single-Point Constraints
b. Free-Body Supports
c. Bar Elements
d. Quadrilateral Membrane Elements
e. Quadrilateral Plate Elements
f. Thermally-Dependent Materials
g. Isotropic Materials
h. Anistropic Materials
-5-
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3. Static Loading
a. Concentrated Loads
b. Gravity Loads
c. Inertial Loads
d. Centrifugal Field Load
e. Thermal Loads
f. Combined Loads
4. Output Options
a. Shape Plot of Undeformed Structure
b. Shape Plot of Deformed Structure
c. Vector Plot of Structural Displacements
d. Point Output Selections
e. Element Output Selections
f. Subcase Level Request Changes
g. Modal Plot
The program options that are used for each of the example
problems are shown in Table 1.
The primary purpose of the example problems is
to gain familiarity with the NASTRAN data format rather
than to obtain high accuracy in the computed results. Be-
cause of this, crude structural modeling with few grid
points and elements is used to reduce the data preparation
and computing times. Improved accuracy could be obtained
by using smaller elements, especially in the regions of
large stress gradients.
In initial runs of the example problems, it was
found that the program would not write a tape for the CAL-
COMP plotter. This difficulty was reported to NSRDC who
made the necessary programming corrections to obtain
CALCOMP Model 565 plots. It is still not possible to ob-
tain plots with the CALCOMP Model 765, the default model
for the program. It was also found that there was an error
in the thermal-buckling portion of the program (this type
of problem was not included in the demonstration problems
of Ref. 6). The difficulty was reported to the NASTRAN
Systems Management Office and to NSRDC. Corrections
were made by NSRDC to the APL copy of the program.
-6-
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Table 1
Program Options Used in Example Problems
Problem Proram Option
No. lalb lc2a 2b2c2d2e2f2g2h 3a 3b3c3d3e3f 4aI4b 4c4d4e4f4g
1 X X X X XX XX X XXX
2 X X X X X XXXXX
3 XXX XX XX X X X XXX XX
4 X X X X X I X XI 
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Detailed descriptions of the example problems are
given in the following subsections in which the computed results
are compared with the results obtained by other methods.
The computer and plotter outputs for each of the example
problems is given in the appendixes at the end of the re-
port. The output contains an echo of the executive, case,
and bulk data decks that constitute the input to the program.
This input should serve as a useful guide to the new user
in preparing program data.
EXAMPLE PROBLEM 1
The first example problem is for a uniform, sim-
ply-supported beam. The computer and CALCOMP outputs
for the problem are given in Appendix A. The geometry,
method of support, and material properties of the beam
are shown in Fig. 1. The finite-element idealization con-
sisting of four BAR (beam) elements and 5 grid points is
also shown in this figure. The origin of the basic coordi-
nate system is taken at grid point 1.
Three static-load subcases are used: Subcase 1
consists of a concentrated 100-lb load applied upward at
grid point 3, Subcase 2 consists of a 100 lb/in uniformly
distributed upward loading, and Subcase 3 is the sum of
the loadings from subcases 1 and 2. The NASTRAN pro-
gram does not have a distributed load bulk data card for
BAR elements. In this example problem, the gravity-
loading card GRAV is used to provide the distributed load-
ing. A gravitional acceleration (gravity vector scale fac-
tor) of 3.86 x 104 in/s 2 is used to produce a loading of 10
lb/in with a cross sectional area of 1. 0 in2 and a material
specific weight of 0. 1 lb/in 3 .
Vertical displacements and rotations (slopes) are
computed at all grid points. Reactions are determined at
all single-point constraints. Bending stresses are found
at both ends of each element at the four cross-sectional
points shown in Fig. 1. CALCOMP plot requests are made
both for the undeformed structure and for the deformed
-8-
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FIG. 1 SIMPLY-SUPPORTED BEAM, EXAMPLE PROBLEM 1
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structure for each of the three subcase loads. The result-
ing CALCOMP plots are given at the end of Appendix A.
Bending deflection at the center of the beam and
end slopes for subcases 1 and 2 were also computed.
Stresses were calculated using bending-moment formulas from
Ref. 13. The NASTRAN and beam-equation results are
compared in Table 2. It is seen that the NASTRAN results
are in perfect agreement with those from beam theory for
Subcase 1. This would be expected, since the BAR-ele-
ment deflection function used in the program is a cubic, as
is the actual deflection shape for a beam with concentrated
loads. As a result, element size in this case does not af-
fect accuracy. For Subcase 2 the stresses are in good
agreement, but the center deflection computed by NASTRAN
is 5% less than the exact solution given by beam theory.
The deflection result is not surprising since, for a distrib-
uted loading, the exact deflection curve for each element
is a quartic rather than a cubic as assumed in NASTRAN
and, in addition, the NASTRAN program uses lumped force
rather than consistent force matrices for distributed
loads. Of course, accuracy could be improved by using
smaller elements than those in the crude four-element
idealization used in the example.
EXAMPLE PROBLEM 2
In this second example problem the NASTRAN pro-
gram is applied to a unidirectional graphite-epoxy com-
posite bar rotating at a constant angular velocity about its
center of gravity. Since the geometry, elastic properties,
and loading are symmetric about both the longitudinal and
lateral axes of the body, it is only necessary to model one
quadrant of the bar. The finite-element idealization con-
sists of 60 identical nonisotropic, quadrilateral, membrane
(QDMEM) elements with 80 grid points as shown in Fig. 2a.
The origin of the basic x-y coordinate system is taken at
grid point 1, the center of rotation. The angular velocity
is 1. 264 rad/s.
- 10 -
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Table 2
Example Problem 1:
Comparison of NASTRAN and Beam-Theory Results
Center Deflection End Slope Center Bending Stress
Loading (inches) (10-2 radians) (psi)
NASTRAN Beam Theory NASTRAN Beam Theory NASTRAN Beam Theory
Subcase 1 0.1333 0,1333 0.9999 1.0000 + 4 999 + 5 000
Subcase 2 0.3167 0.3333 2.5003 2.6667 ±10 001 ±10 000
- 11 -
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TYPICAL(f-F
_
(a) 80-GRID POINT - 60 ELEMENT NASTRAN IDEALIZATION
(b) 80-GRID POINT - 120 ELEMENT (80/120) IDEALIZATION USED IN REF. 15
L
~flit OX
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(c) 77-GRID POINT - 128 ELEMENT (77/128) IDEALIZATION USED IN REF. 15
FIG. 2 FINITE-ELEMENT IDEALIZATIONS, EXAMPLE PROBLEM 2
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The symmetry conditions are imposed by applying
single-point constraints that prevent y-direction motion at
grid points on the x-axis and x-direction motion at grid
points on the y-axis.
The computer printout and CALCOMP plots for the
problem are given in Appendix B. The centrifugal inertial
forces are generated by using an RFORCE bulk-data card.
Nondimensionalized values of the normal stresses axx and
ayy, and the shear stress Ux computed by the NASTRAN
program are given in Fig. 3 by the solid curves.
An exact solution to this problem does not exist.
Weiss has obtained approximate solutions to the problem by
the collocation method (Ref. 14) and the finite-element
method (Ref. 15). These results are also shown in Fig. 3.
Two different finite-element breakups were used in Ref. 15.
In one of these (Fig. 2b) 80 grid points and 120 triangular
membrane elements (80/120) were used. In this case, the
grid points were chosen to coincide with those used in the
NASTRAN solution. In the other idealization shown in
Fig. 2c, 77 grid points and 128 elements were used (77/128).
It is seen that the NASTRAN normal stresses are in
excellent agreement with the finite-element solutions of
Ref. 15, but the agreement in the shearing stresses is not
as good. There is considerable scatter in the shearing
stresses computed by both the 80/120 and 77/128 idealiza-
tions of Ref. 15. This scatter was not present in the
NASTRAN results. Although they are not shown in Fig. 3,
some of the values of the shear stress computed in Ref. 15
were negative for x/a = 0. 6, and although the distribution
shapes are similar, the collocation results do not agree
well with either the NASTRAN results or those of Ref. 15.
This is especially true of the shear stress. The reasons
for the lack of agreement are not apparent and the correct
solution is an open question. It appears, however, that
the shear-stress calculations are very sensitive to the
idealization.
- 13 -
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EXAMPLE PROBLEM 3
The third example problem illustrates the applica-
bility of NASTRAN to the calculation of shear-force, bend-
ing-moment, bending-stress, and deflection distributions
of a missile body under the combined action of aerodynamic,
gravitational, and inertial loads. To reduce data preparation,
the simplified model (Fig. 4), which has constant cross-sec-
tional properties and a uniform weight per unit length, was
used to represent the missile. The NASTRAN program,
of course, can handle the cross-sectional and weight dis-
tributions of an actual missile with no difficulty.
The finite-element idealization of the body by beam
(BAR) elements is shown in Fig. 5. The computer print-
out and CALCOMP plots for the problems are given in
Appendix C. Since the missile is a free body, it is neces-
sary to use a SUPORT card in the bulk-data deck. Dis-
placements are computed for a free-body support at grid
point 6. The modulus of elasticity is made temperature
dependent by the use of MAT 1, MATT 1, TABLEM 1, and
TEMPD cards. The aerodynamic forces, gravitational
forces, and inertial forces are applied by using FORCE,
GRAV, and SUPORT cards, respectively.
The NASTRAN results for shear, bending moment,
and total deflection are given in Figs. 6 through 8. To
check these results the shear, bending moment, and bend-
ing deformations were computed by numerical integration
of the beam equations
dV
P dx' (1)
dMV = (2)dx
and
d2Wb M
b M (3)
dx 2 E1
- 15-
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CROSS-SECTIONAL PROPERTIES: I = 100 IN4 , A = 4.4 IN 2
MATERIAL: STEEL, w= 0.3 LB/IN 3
NONSTRUCTURAL WEIGHT 8.68 LB/IN
FIG. 4 EXAMPLE PROBLEM 3
y
20 IN
TYPICAL
O GRID POINT NUMBERS
( ) ELEMENT NUMBERS
FIG. 5 FINITE-ELEMENT BREAKUP, EXAMPLE PROBLEM 3
- 16 -
THE JOHNS HOPKINS UNIVERSITY
APPLIED PHYSICS LABORATORY
SILVER SPRING. MARYLAND
:
U,-i-
FIG. 6 SHEAR vs. BODY STATION, EXAMPLE PROBLEM 3
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FIG. 7 BENDING MOMENT vs. BODY STATION, EXAMPLE PROBLEM 3
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FIG. 8 DEFLECTION vs. BODY STATION, EXAMPLE PROBLEM 3
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V = shear force (lb),
p = distributed load (lb/in),
M = bending moment (in-lb),
EI
Wb
bending rigidity (lb-in2),
bending deformation (in),
Shear deformations w were determined from a numerical
integration of the equation
dw
s
dx
V
GKA '
where
G = shear modulus of elasticity (psi),
K = cross-sectional area factor for shear,
(nondimensional),
and
A = cross-sectional area (in2 ).
(4)
The total deformation w was then computed from
W = Wb + w.bS (5)
Deformations were computed relative to a fictitious sup-
port at grid point 6 as assumed in the NASTRAN computa-
tion. The results of the laborious hand calculations using
Eqs. 1 through 5 are also plotted in Figs. 6 through 8. It
is seen that the agreement in the two methods is very good.
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EXAMPLE PROBLEM 4
Example problem 4 was chosen to illustrate the ap-
plication of NASTRAN to thermal stress problems and,
further, to demonstrate the method for computing thermal
buckling. The structure is a square, simply-supported
plate having uniform thickness. The geometry of the plate
and the coordinate system are shown in Fig. 9. The plate
is subjected to a temperature change T(x, y) that is sym-
metric about both the x and y axes.
If the magnitude of the temperature change is great
enough, the thermal stresses induced in the plane of the
plate will cause the plate to buckle. The mode shape of
the buckle will be symmetric about the x and y axes.
As a result of the above-noted symmetries, it is only
necessary to model one quadrant of the plate if single-point
constraints are used to prevent unsymmetrical deforma-
tions along the x and y axes.
The idealization using quadrilateral plate (QUAD2)
elements is shown in Fig. 10. This figure also shows the
temperature change at each of the grid points in terms of
T1, the temperature change at grid point 1. As shown,
there is no temperature change at points on the simply-
supported edges of the plate.
Difficulty was encountered in running the example
problem. The NASTRAN Demonstration Problem 5-1
printout, run with NASTRAN Level 8. 1. 0, was used as a
guide for preparation of the case control deck. In the
Level 8. 1. 0 printout the load card appears before Subcase
1 (the statics solution). However, when the problem was
run in this manner, there was a fatal-error message which
indicated that Subcase 2 (the buckling solution) contained
both a static load and a real eigenvalue method selection,
and that one or the other must be removed. A check of
the Level 12. 0 User's Manual (Ref. 4) indicated that the
load (in this case TEMPERATURE(LOAD)) card must ap-
pear in Subcase 1 rather than above the subcase level.
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FIG. 9 EXAMPLE PROBLEM 4
OGRID POINT
NUMBERS
() ELEMENT
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FIG. 10 NASTRAN IDEALIZATION AND TEMPERATURE DISTRIBUTION, EXAMPLE
PROBLEM 4
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This change was made and the example problem was
rerun. The results contained only a static solution fol-
lowed by "SYSTEM FATAL MESSAGE, 3001 ATTEMPT TO
OPEN DATA SET **** IN SUBROUTINE DS1A, WHICH WAS
NOT DEFINED IN FIST." Since the cause appeared to be a
NASTRAN program error, the difficulty was reported to
the NASTRAN System Management Office and NSRDC.
Program corrections were made by NSRDC personnel who
reran the problem, using both the inverse and determinant
methods of eigenvalue extraction. The results of the two
methods did not agree. The NASA Goddard Space Flight
Center had experienced difficulty with the determinant
eigenvalue method and had made corrections in their pro-
gram for the IBM 360-95 computer. The problem was run
at Goddard Space Flight Center and identical results were
obtained by both the inverse and determinant methods.
NSRDC then made the necessary corrections to the program
on the APL computer.
The NASTRAN results given in Figs. 11 to 13 and
Appendix D were obtained after the corrections noted above
were made. The problem was also solved by the finite-
differences method. This method was first used to deter-
mine the in-plane thermal stresses by obtaining an approxi-
mate solution to the differential equation
V4 F = - EtV 2 T, (6)
subject to the boundary conditions F = aF/an = 0 along
the boundary of the plate (Ref. 16), where F is the stress
function defined by the equations
1 a2 F 1 2F 1 a2Fxx t 2 yy = and - . (7)
xx t a2 2 xy t axay(ayxy t
The finite-difference mesh that was used in the solution is
shown in Fig. 14. The normal stress axx and ayy deter-
mined by the NASTRAN program and the finite-difference
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FIG. 11 DISTRIBUTION OF PREBUCKLING THERMAL STRESSES ax, EXAMPLE
PROBLEM 4
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method are compared-in Figs. 11 and 12. It is seen that,
while the stress distributions computed by these two
methods are similar, the stresses computed by the finite-
difference method are larger than those calculated by
NASTRAN. It is not possible to say which method is more
accurate as the grids that were used in both methods
are too coarse to expect accurate solutions. While
the grid that was used for the NASTRAN results is
twice as fine as that used in the finite-difference solution,
the NASTRAN program assumes that the temperature
within each quadrilateral, element is constant and equal to
the average of the temperatures at the grid points of the
element. As a result, a zero temperature change on the
boundary is not attained. It is expected that this would re-
duce the stresses computed by NASTRAN.
The finite-difference method was also used to solve
for the eigenvalue X and the mode shape w(x, y) of the
differential equation
2F 2 a2F a 2 2F 2 
w = 2 -2 + (8)D 2 2 a x a y E _X-5-y 2 2V Da 22axa.y xay a ay
subject to the boundary conditions w = a2 w/an2 = 0 on the
boundary (Ref. 16). In this equation X is a constant which
specifies the magnitude of the temperature change accord-
ing to the equation
T(x, y) = XT (x, y), (9)
where To(x, y) gives the spacial variation of the tempera-
ture change normalized so that To(O, 0) = 1. The function
F o is related to F by
F(x, y) = XF (x, y). (10)0
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Physically, X is the temperature at the point (0, 0) at which
thermal buckling of the plate occurs when it is subjected to
the temperature change T(x,y) = XTo(x,y).
The NASTRAN solution predicts that buckling will
occur when the temperature change at the point (0, 0)
reaches 314. 7°F, while the finite-difference solution indi-
cates that buckling will occur when the temperature change
reaches 168. 8°F. As expected, the finite-difference method
predicts a lower buckling temperature because it predicts
greater thermal stresses per degree of temperature change.
The buckling mode shapes predicted by the two methods are
shown in Fig. 13. It is seen that the agreement in the mode
shapes is excellent.
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3. DISCUSSION
The example problems demonstate only a few of the
many capabilities of the NASTRAN program. Considerable
effort has gone into providing user convenience in the pro-
gram. Once familiarity with a rigid format is gained, data
preparation is relatively simple and no programming skills
are required. The price of these user convenience features
is, of course, increased computer run times. In large
problems with many elements, bulk data preparation is
laborious as there are no provisions for the automated gen-
eration of grid point or element data.
Only the structural plot capabilities of the program
were used in the example problems. The case control
cards for these plots were found to be simple to prepare,
since the program determines the appropriate scale, origin,
and vantage point to be used for the plot. The x-y plot capa-
bility extends the usefulness of the program; however, there
is no provision for stress-contour plots in two-dimensional
bodies such as those described in Ref. 17.
While the documentation is complete in the sense
that it provides a useful reference for those familiar with the
program, it leaves something to be desired in aiding the new
user. A tutorial manual would be very helpful. The situa-
tion for the new user is further aggravated by the lack of an
index for the NASTRAN manuals.
While the NASTRAN element library is extensive,
there are programs with more and improved types of ele-
ments. Fully compatible plate elements, consistent mass
and force matrices for all elements, and elements with
variable section properties and temperatures would allow
adequate modeling with fewer elements.
- 29 -
THE JOHNS HOPKINS UNIVERSITY
APPLIED PHYSICS LABORATORY
SILVER SPRING. MARYLAND
The inadequacies of the program that have been
pointed out have been noted by others and are well known to
NASA. While these inadequacies are more than compen-
sated for by the capability and convenience of the program,
many of them are expected to be removed in later levels of
the program. All indications are that the program will be-
come more general, convenient, and accurate, while re-
quiring less computer time. Use of the program is expected
to become widespread both in government and industry.
Under these circumstances it appears advisable for APL/
JHU to constantly maintain its NASTRAN capability at the
latest current level of release.
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APPENDIX A
Example 1- Simply-Supported Beam
A-1
p
N
G
 
PAGE BtLAt NOT FrMm
TH
E
 JO
H
N
S 
H
O
P
K
IN
S
 U
N
IV
E
R
SITY
A
PPLIED
 PH
YSIC
S LA
BO
RATO
RY
SILVER SPRING. 
M
ARYLAND
_
.
 
N
L
U
C
~
~
~
~
~
~
~
~
~
~
~
~
~
~
 
LU
.
4
I- 
4-
.
0
W
 
0L
N
 
4
X
'
D
a
~
~
~
~
~
~
~
 
tL 
~
~
a
wU 
LU
U
U
 
WO
 
c
0
.0
 
D
. 
Q
V
 
uj
Z 
-
-
 
a
 
W
 uJ.W
O
c~
~
~
~
~
~
~
~
~
~
~
~
 
c 
CO 
c
U 
W
.J 
{ 
"
 
a 
O
 
C 
' 
J 
U
 
JU
 
W
 LU 0 
) 
u
J
 
O
 
CL 
.
.
.
0o 
~
 
C 
LU 
0 
lu
 
G
U
 
°
W
 
C 
W
CW
- 
C
W
. 
Z 
.
Z 
Z 
Z
>
 
X
 
u
 
O
 
Z 
4 
s
: 
a
 
4
4
4
o
 
C 
W
 
L 
7 
e 
I 
W
U
 
U
 
O
 
,W
 
<
 
<
 
I 
W
 
U
J 
_
 
O
 
-
X
 
<
. 
Z 
t 
-
W
 W
[ 
a
 
7 
-
_
 
O
 
0 t 
C-C 
C
u
a
 
L
a
 
ai 
U
 
a 
u7 
t 
:7 
*
 
`
-
 
u7 0
J
 
C
; IL
 
Z WJ 1 
-
-J 
t 
.
W
 
C
B
. 
W
 
4
-. 
X
 
U
 
n
 
.
-
 
-
I-- 
m
W
 
1 
0 
-
4 
0 
W
1U 
W
 
0 
J 
~
~0 
7~W 
-
-
 
0 
t 
0 
-
4 
444t 
U 
L
L
. 
4 
.
.
U
 
.
~U
 ~ 
~
 
~
~
 
r 
-O
D
 
0 
4 
O
 
O
 
-
J
J
W
DE 
.l 
0 
.
Zu
Aa 
l: 
' 
-
a
v
Z
 
LU 
Z
- 
u
 
O
 
-a 
Il 
v
 
w
 
0
.- 
4 
n
 
C 
0 
o
 
w
 
u
 
LU 
4 
_
 
U) 
D
 
z 
N
U 
Z r 
U
- 
U 
-
-
-
-
_
 
-
N
 
N
 
N
 
0
0
0
Z 
Z 
l 
Z 
U
 
S 
4
-L
L
L
j 
U 
4 
U 
0 
0
0
0
0
U 
0. 
4
-/ 
LU 
W
u
1
 
N
 
4
_
V
 
L)U
0 
i
D_ 
-J 1 
Z 
a 
0 
0 
tL 
O
 
_
 
Z 
LA
_
-
 
0
lU
 
U 
U 
U 
4
. 
4
-..0
----
' 
0
A
 
A
-3
7 
J-
.
.J0 
Z
w
~
~
n
~
 
4u
TH
E
 JO
H
N
S
 H
O
PKIN
S U
N
IV
E
R
SITY
A
P
P
LIE
D
 PH
YSIC
S LABO
R
ATO
R
Y
SILVEIR SPRING. 
M
AR
YLAN
D
0
0u
n
 
.
.
rr~
0o
40 
4
-
J
co08. O0
000
U
N
 
I
N
I0,
0 
000 
0
O
 
0 
*
 
0
0
0
0
0
 
-
† 
.
.
.
.
_
N
 
*O
L
-
0 
in
.0
 
0
0
0
0
0
 
_
 
.0
.N
.t 
.
.
.
.
.O
-
t4N
~O
4
0
0
0
0
 
J 
U
4
.
.
 
-0
0
0
.
0 
O
 
O
 
O
.. 
*O
 N
.
-
N
O
 ft 
-
'
'
 
-
I 
-
0
·0
 
.
_
 
_
 
_
 
O
 
_
c* 
-
N
 
-N
 
-
-
N
 
-
.
.
4 
~
 ~
 
~
 
~4
F 
~
~C.
_
u
 
I: 
U
 
4
4c 
0
0
 
8 
51 tc 
t
t
'
 
tC 
O
'
 tr 
t
Y
0
4
0
t
 
f 
N
 
8. 
Z
.
0
 
U
!
 
U
 O
 
L 
IL 
In 
I5 In 
In 
In 
t7
 
(N 
IT r
.
 
D
_~ 
In
I- 
*
 
*
 
tt 
*
 
*
 
*
 
*
 
4 
*
 
*
 
*
 
*
 
*
 
*
 
*
 
*
 
*
 
4*
O
 Z 
_
 
N
 
0f 
a t 
4 
It 
00 a. 
tt 
.
-
 
N
 
0 
.
U 
0 
1
t?
40
U i
A
-4
w4a.
N
0Oa.C',t,NwIlmI-'lw
U
.
0O70
0
4I- C0LI
2, CL
U
J-
ID
O
 
-
uO4:
G
Z
aleuOn, 
_
N
TH
E
 
JO
H
N
S
 H
O
P
K
IN
S
 
U
N
IV
E
R
SITY
A
PPLIED
 PH
YSICS LA
BO
RATO
RY
SILVER SPRING
. 
M
AR
YLAN
D
U
.
4a
zV
,
-4vl
_
. 
aM
)
IJ U,LD a 0
M
 
U
7 
U
 
I 
.
r 
D
,
w
 
x
n
 
o
 
o
 
LU 
0
7
-
J 
L, 
L~ 
Wu 
a
C-4a. 
'A
a
. 
-
1: 
1-
,
,W
-
.
 
V
I
_
 
1-
Z 
.
in
7 
a.
-I- 
-
0
_
 
W
 
a. 
a. 
In 
W
 
r
(C 
-
-
>
 
Y4 
N
 
Y 
IC 
>
 
-
W
 
-
a. 
4 
I 
a. 
M
 
-4 
4 
cc
cD 
u.L 
D
 
1 
U 
(C 
U 
a. 
(o 
a
.
-
N
 
'4 
U) 
.0 
F 
W
 
(I 
O
 
-
-
-
2 ZYC
IA
O
 
0'-4
a 
W
-L
-
D
.
V
) Z
7>L)
LL 
u
 
iLL
O
 
.)
IA 
O
LL
o1 
-
V)-
*
 
-
a
.
*
 
a
.Z
Li
t,
W
 
.
.
V) 
L
li
CL 
1- 
U
- 
tLI
a. .
U
 
aP
r 
Z 
L} 
In 
>
 
1
A
)
W
 
_
 
U
J 
Z
,
-
-
 
V
-
>
 
Z
IJ
 
-
.
LU 
L
I- 
CI 
W
 
M
 
0.
UJ 
-4 
-4 
F. 
W
S
a. 
IL 
_L 
-4 
Va 
5~ 
14 
aL 
a. 
ts
-
a 
*
 
a. 
an
 
_
 
r 
r
s
>
a. 
*
 
IL 
7 
D. J
4 
7 
-4 
c 
1
a. 
U. 
-
,
 
a .
-
I- 
>
 
I- 
.
I-
-4 
.
-4 
-
I
a
. 
-
D. 
a
. 
a O
Z
-
-
4
a. 
>
7 
W
U
 
In
W
 
C
 
1
>
 
Z 
0
4 
0 
-J
In 
U
 
L.
N
 
Ii 
UD 
.
NUZL 
D
Z 
O
4
acr
V
I 
I
>
 
i-
-
a.
>
 
(
-
-4CTC
N
_
 
>
*
 
4
I 
07Z
a.
1
9
Z
r 
; 
;
W
 
Q 
s
V) 
7
UL 
N
 
r
D
r 
a
r 
o
 
YC
0 
i V
C 
Z
h 
X
 
IA 
LU 
0
1- 
-
n
 
7
a. 
.
L
4
4 
7
a. 
_
-
 
,
 
>
p 
-
-
3 
0
-
,
 
tL
 
a 
e 
Z 
-4.
c
>u 
I
4 
a
In 
a
.
(C
IA
.
:Ic 
V) 
(C1
D
 
J
W
 
'I.-
L
u 
uj 
1 
Q
c
o
 
n
 
>
 
IY 
.
Y
-4 
a 
4 
4 
D
 
I
-4 
( C 
n
 
a .
a
 .
L
9- 
( 
-
I 
N
 
c 
C
-
-
-1 
N
 
N
 
N
 
N
 
N
A
-5
0·NaW
NZLi
--
,I- a.Lia.z,I1.
a
. 
.
I C
-J 
U
J7
-J 
07
.4 
LD
.
-
a0U4aC
3
a.z nZ<OI.- 04 :
4z
U
 0
ZU
az40
V) -4MLIn wa-InVIc-4 Z441-,,l8z
iuYID.
0aC0
C I 
O
COT'
Z
(C-4
4
'-
Z 
'
TH
E
 
JO
H
N
S
 H
O
P
K
IN
S
 
U
N
IVC
R
SITY
A
P
P
LIE
D
 
PH
YSIC
S LABO
R
ATO
R
Y
SILVER SPRING. 
M
ARYLAND
U
.U_
C
D
O
 
O
I
O
 
.
Z 
7
m
 
CU
r 
3
7 
-
VI 
.
a 
,
L
D
O
 
U
 
U
 
-
-
-L
U
' 
CL 
O
 
a
4- 
z 
-
"4C 
7 
7 
_
 
D
0 
G
' 
Y 
C 
-
a
7 
a
 
-
7 
4 
-
0 
O
 
T 
0 
S 
T
U 
a- 
U
 
LU 
IA 
-
C.LDz
Z 
4 
>
 
Y
O
 
r 
4 
I
UI 
In 
IA 
U
I
.13 
a 
I 
C 
0 
-
N
 
M
 
4 
I
rN
 
N
 
N
 
CN 
1 ) 
m
V)43za0(.3LD
0 Z 
IA
c 
l
0 
m
CD
 
CID 
w
 
ED
aC 7C,
a4L)7 0-5Q. aLD0
C.0aOf4U
'AW -47LDzV "4IY 10
_
, 
X -5 LD
-
Y
-4 
Lb
-i 
IA
°
o
 
0 
EL 
"
 
,
O
 
0 
m
 
U
 
4 
4 
Cy
U
 
U
 
LI 
V
 
0 O 
1J 
I0 
I- 
g 
0 
0 
-
N
E
n 
In
 
M
t 
1m 
4 
,i 
4
aIA0.JV-zC
0 
s 
Z 
XVI
L 
O
 
IA 
L
L
) 
V
 
V
) 
M
 
I 
u4 
.o
 
r- 
C
A
-6
rI-UaUI
z
.3UW
tZ.
-J
0 
z
ujIU 
EULWZ
E
L
-
V
IZ
i 
En
t 
a
_
 -
W
N
70<
r4
-JaCd xCU! 2:oZ 
r
w 4aZICL
('IUa0 
27c
rC
UI-1
4Ia 
I7
I- - 4
47zI
a407ZC
aZ0zzZL Z 02
z 
z0 
i
uJ 
:
U
 
C
C_ 
Z
; 
Z
V) 
_
O
 
Z 
Z
Z 
_
~
ID.4100orr.CL aaIn a
aC
m
I
-
"
4
0
74
L.)24 
i
4- 
4-
UI 
_
J44-
U
tj
C
i 0tZ .
X
"
4
 
4
V
 
W. 
>
 
CZ
.4 
4 
4
1 
V) 
CL
L)IA
TH
E
 JO
H
N
S 
H
O
PK
IN
S U
N
IVER
m
ITY
A
PPLIED
 PH
YSIC
S LA
BO
RATO
RY
SILVEII 
P
*IIN
. M
A
RY
LA
N
D
41
br.
L.Lb Ir
cc
C[
4 
c 
o0
L) M
w4 
0
o
_q 
U
W
_ 
C 
2 
Z 
Z 
rZ0
U.
_
 
C
%
 
_L
1
1
4*u . U
z
IC
S
L
U
-
J Y
cm
 
U
, 1
72;Z
'
O
 Z 
Z
a. 
C!
U
 
C- 00
4
o
.
Z 
J 
.
u
 
VN 
.
,
 
L.
o
 
L
bZ
w
~
n
-
a
-
.
-
.0
 
r 
-20N
z 
V
w
rz
a
tD
 
I¢<' 
.
4 
aK
 
4 
*
N
1
-
-4 
%
 
-J 
0
7
I2
.J 
S 
-
LU 
4 
L"
do 
af 
09 
IC
 
I
4'IM aLb
0
4 
&o
-
0
Z 
Z 
0
.0 a
0 
.
zW
 
U
 
U
a
 
I-
UJ 
M
Y
 
Z 
C
Z
.
C 3 
X
LU 
Z 
a-
a 
-
K
L
b
0 
). 
F
u
 
n
 
u
a
r
, 
.
K
e
_
 
a
 
Z 
Y
 e
U
 
L 
U
 
Lb 
a
 
a 
.
r
K
 
uj
4 
0 
4 
in
 
a 
0 
0 
N
 
M
 
.
n
 
C 
I-
.
u% 
tA
 
W% 
U% 
in 
VN 
rN
L-LinCCC a00
D
 
.
.
Z 
a
to
Y
 
i 
Y
O
 
a
W
 
U
4WC,a-41-J,
-J 
0
w
 
U
.
a
.4
 
J 
J
-J
 
Lb
0z04V0
4aau
4 
4
,
U 
Lb
.
0
-J
 
J 
LU
427vube.LbLbrbe W
4 
-U,
L 
0
U) -LL
4 
.
eY 
Y
4 
N
Z 
.4 
2 
U
2 
m
 
7 
U
be 
-J
 
b 
b
.J 
Z 
Z 
.
>
 
Z
0 
s 
W
 
W
 
U 
0 
-
N
 
a
, 
( 
-
a
U
 
a
 
0 
LA 
2 U 
W
 
U
 
be y 
0 
b e
u
 
a 
o
 
4 
4 
0 
Lb 
2J 
Lb 
2
, 
*
 
0 
Lb 
b 
0 
U
,.4
 
b 
L
b
K
 
b 
L 
L
D
 
Mo 
0 o 
-
N
 
M
 
4 
IA 
4 
? 
w
 
e 
O
 
0 
-
N
In 
U
 
0 
.
4 
4 
4 
4 
4 
4 
4 
4 
I 
r 
A
-7
TH
E
 
JO
H
N
S
 H
O
PK
IN
S 
U
N
IVER
SITY
A
PPLIED
 PH
YSIC
S LA
BO
RATO
RY
SILVIR
 
SPR
IN
G
. 
M
ARYLAND
.LCaa
CCtC44
a
 
r!
F> 
F
C 
a
J 
U 
4 
U-
Y
 U 
.
-
.
In 
-
C0o C
3
C;c4C3
0'are-J
a 
C
9-3 
-J
M
 
Ce
Y
4 
a j 
W
 
<
-
'A
 
z 
Y
-
Y
o 
-
-
.
 
4a 
*J 
*J 
u
w
c
o
 
.4
 
-1 
Mo 
t
-1 
le 
if 
-j 
75
uD
 
<
 
z 
a 
VZ
m
 
Y
 
Y
 
*
 
acea Y1tC -J~1Ce-j
1- 
1- 
.
, 
-
-
>
 
Z 
Z 
-
Z 
-
Z
w
 
-
D
 
0 
-_
I 
D
 
-
M
 
D
 
O
 
O
to
 
C 
y 
Z 
Q. 
le 
M
 
M
 
Y
 
Z 
w
 
Y
e
4 
a 
s 
o
 
r F 
<
 
n
 
0o 
M
 
M
19- 
L. 
LI) 
to 
Li 
-
.1 
w
 
Li 
L 
M
 
Li
M
 
t 
l 
t 
0 
-
r- 
r- 
r- 
r 
I 
I 
-
co
 
co
Co 
CD 
to 
CD 
0 
D
ara
a
 
Y
 
-1 
a
*J 
,
 
J 
*
 
to 
*
.
 
*
 
I- 
-
U
 
Y
-
.
 
.
*
 
-
a-.1
~
v
 
I
In
 
*J 
.j 
c
o
 
*J
-J 
ic 
n
 
-i 
-
.1
2C1UULIa_o0-C-J,ICL) 7
It
-
.U
-
.
.
 
I-.
-
LO
c 
*
 
¢
n
,
1-C07
a 
c.
a
 
1- -
1-
-J 
N
 
Z 
0 
Z 
Z 
>
jw 
1 
D. 
O
 
1 
a 
w
 
-
a 
-
o
 
r 
z 
r .
i 
e 
0 
1 
e 
-
50 
O
 
U
 
U
 
M
 
VW 
D
 
0 0 
_
 
N
 
Uo 
0 
P
a
n
 
a
 
M
 
0 
oa 
o
, 
a 
o
a
 
o
 
A
-8
z.
-
C
lo.C4c n a
7 IC 
.
Z 0
0 0t
FC9-
aLt ra12
7i 
-
.
_y 
J
L
I_
U 
C
X
C
U 
C
z W
L
 C
4
- <
OZ C 
)
Z 
V
:
Ce
Li 
U
.
V
:LIU
7 
Ym
 
1
W
. 
.
h
-J 
.
LY
3
I-~
O
 
Z
-
Z 
V
N
.
.
~
 
Y
'
2
0 
-
Y
K
 
-
Ce
0 
Li 
Z
U
 
t) 
LI
THE JOHNS HOPKINS UNIVERSITY
A
P
P
LIE
D
 
PH
YSIC
S LABO
R
ATO
R
Y
SILV
ER SPRIN* 
.
M
A
IY
LA
N
D
Ua
.
C3c
a
.
z
2- -faD
o
Z4 
C
0 
a
U
l
-
a
.
a 
D
*
 
L
e
Z
 v
z0
 
Z
4
C
 
-0
.£
_
 
C 
o
Zfl 
w
 ~
 
~
-K 05-0a:O
ti 
a a
'
I 
J
V
l 
a
a
.
I 
0
a
.
U
 
0
a
,0
 
f" 
I
a
 
-
a' 
O
 
0
I.,*L 
O
K
 
g
0 
0
*
 
U. 
*
 
a
.
Y
0 
I n
 
,
Z 
K
 
a
. 
*
 
J
o
 
,
 
0 
0 
O
W
A4 
_
 
1- 
a. 
-
*
Ja 
I 
0 
0 
e 
,
,
Z 
Z 
J
I 
O
 
I 
I 
4 
In
LI 
I 
In 
LI 
.J 
In
C
 
a
' 
0 
_
~
 
N
 
,1,
_
 
_
 
-
_
a0a0
J 
o
Z 
Z
2 
2
U
 
U
M
. 
-
_
 
a
e
 J 
0
_0 
0-J
I 
LU 
I- 
1-
a
' 
LU 
L
Iln 
In
C
 D 
0*
aJ'-~
 
(I 
-
1- 
a
' 
cc
Z 
G. 
G
,
o
 
-
o
-
U
 
U1 
z 
3
azIna.l.
ItInU.IJ
a C A 0Jn l L)
0
-4
ID
0
aO t 
.4
0 
0
U
J u
cm a.i- 
,4
Z
. 
O
K
U
. 
In
.0
 
0
I... 
L
L
U
.. 
>
r
Ilu
X
L
.
,
 
.
C
2
I,--
ZO
LIJL
W
Oa.
0 )J-.-
U
l>
IV
n
*
 
L.
O
 
I 
If2
 J
0 
K
 
&
. 
*
 
_
 
N
a
 
*
 
1
Z
 
O
 
Z 
a
1- 
1- 
t
.
.
 
rK
 
,
,In
- 
.j 
ji
L
U
 
-
a 
N
 
U
 
0 
.
-
 
K
 
uJ 
.
U
c 
a 
K
 
K
 
ao 
a
. 
>
 
z 
0 
I- 
r K 
4 
0 
I 
M
 
0 
U
 
4 
0 
-
a
: 
4 
M
 
4
J 
VI 
U
 
0 
O
 
II 
U
n 
0 
n
 
a
. 
a
. 
-J
+
 
n
 
.0 
PF 
C 
a 
.O
 
I 
0 
P
. 
CD 
a
' 
0 
-
N
 
fI 
z
A
-9
T
H
E
 JO
H
N
I 
H
O
P
K
IN
S
 
U
N
IV
E
R
SITY
A
P
P
LIE
D
 PH
YSIC
S 
LABO
R
ATO
R
Y
SILVER 
U
P
R
lN
O
. 
M
A
RY
LA
N
D
LU WI-,4a 0.
I%.r-a 31Ul vplW
'A
z0-J D.o
"Ji.- Uu
-1.VI -
ok 
a
r 
n
-I0.
C)
0
Z 
4£2a
I 
I-
C 
c
-
-
 
IC 
I
-
.
 
-I 
.
,
 
Q.
_
_
_
U
b
UA
-10
I)0DCI.4a 0,,IW0IU3oa0*
aU a uL.
.0.ZU,
.w
_
tJ
Z
2
4
2 
4
W
 
m
 
m
-
*)
,el-J4N
T
H
I 
JO
H
N
S
 
HO
PKINS 
U
N
IVR
Sm
lTY
A
PPLIED
 
PH
YSIC
S LA
BO
RATO
RY
*ILVW
M
 SPO
ING
. 
M
A
R
Y
I"D
I,11V'LiX 
V V
1
ww
 
-
,4
2 CzD
.L
o
 
O U 
.A. o IL 
c 
Y
U3 
I
UJ 
4
IL 
U
 
-4
I 
_
UJ
W
 
Z
Z 
U 
W
L 
0
L
i 
Z
2 
2 
L
a
. 
LU
-J 
N
4 
t
C 
_
N
-
.
N
 
I
ILl
p
.N
 
Li
7 WC -
*1= 
c
m
 
p.
4-
w
 
ar 
r)) UA 
C
C 
n
C
o
 
u
V
 
Z 
N
L
i 
&
,L
 
(Ca.0'LiU 7w6U'A
LUI
-JC0IILLi17
4WoI.I-
Dju.JC
CUVC
Z LV)
VluU. CI
UZ' C,i- -$ I0C- U. IUJCC 
0 A.
A
-11
TH
E
 JO
H
N
S 
H
O
IPK
IN
S 
U
N
IV
E
IS
ITY
A
PPLIED
 PH
YSIC
S 
LA
BO
RATO
RY
SILVlEtR SPRIN. MARYLAND
uI(14WL77^ w 0^U. W
u
.
17uJ
"ImrUi 4 I- 00.UILuL7:U7U
L-- wUU.Lu2n0-Ja.
,
0
 
o
 
0 
L
C, 
C) 
>)
o4 (`j4 
r 
4
0 0 
2: 
2t 
U
J 
U
 
I) 
fJ
o
 
o
 
IA 
x
 
'A
 
N
7 
w
 
L'7 
L 
j 
Lu
*
 
.
.
 
*
m
 
u7
U
 
U.1 
0U 
U
. 
(U 
7
IA 
2: 
at 
Ic
97 
9a 
Lu 
uj 
uj
2r 
*
 
r
. 
IA
o0 
a
r
 
r 
r 
r
o
 
*
 
o
 
o
 
U. 
U. 
U
L2 
v
7
 
n
 
Y
7 
)
o
 
o
O
 
C
I 
I
VS 
IV 
I. 
I. 
_
u
-
-
_
 
LU 
U
J
I 
w
 
I 
,
 
r
Lu 
W
 
U 
1
C
)0 
' 
C) 
C
rn
 
~
 
~
 
~
 
uj 
u
J 
u
F
~
~
~
~
~
~
u
o
 
9 
N
 
4 
4
JF 
0' 
N
 
2. 
2.
A 
_
 
U) 
C. 
'A
.L 
0
' 
2: 
s
It 
a
' 
N
0 
J 
0 
'
4 
uJ 
~
 
uj 
4 
U* 
,IE
U
\ 
A' 
U' 
A' 
L1 
L7 
1- 
t-
A'. 
I 
11 
I 
A' 
I 
O) 
C
LU. 
LU 
Lu 
UJ 
U
. 
U
l
U
l 
W
 
c 
4 
L
IA 
IA 
IA 
IA 
IA 
IA 
UJ 
LU
LUW 
Lu 
LU 
7 
2
J7
 
U
 
U
7
 
U
7
 
7 
U
 
U
l 
U
l
r 
z
v
 
r 
z 
r 
o
 2 
o
 
Z 
Z
) 
-
) 
-
-
-
_
 
U
7 
-
U
7 
_
 
V
7 
F 
I.
4 
Lu 
4 
Lu 
4 
Lu 
2: 
2r: 
r 
r 
K
 
L; 
_
 
A' 
N
 
A' 
A' 
O
 
O
o
 
o
 
U. 
LU.
U
. 
U
. 
U
. 
2 
Z
Z 
Z 
Z 
-
_
_
 
_
 
_
 
C 
a
*
 
A' 
*
 
A' 
*
 
A' 
*
 
*
*
 
0 
*
 
O
 
*
 
O
 
*
 
*
U. 
*
 
U
. 
*
 
U
 
*
 
*
A
-12
LU 
U
.
'A 
V)
tA 
IA
4 
4
.
.
o
 
C
z 
2
_
 
_
U
J
.A-
*
 
#
Lu 
LU
4 
4
C 
C
7 
O
Lrr,a*,
C
) ,
ro
2.J
*n 
W
 
'
L
I*-
C_
TH
E JOA4NU 
H
O
PK
IN
S 
U
N
IV
E
R
SITY
APPLIED
 PH
YSIC
S LABO
R
ATO
R
Y
SILV6I 
SPR
IN
G
. 
M
ARuYAN
MUcc
U
,
Li
.U 2ujtU-J
0-a aaLUL-C,a'Vl.tCL0I--),. aLUUJ0z
0
0
0
0
I 0 
II U 
O. 
N
 C 
N
 PD
0 O 
I 
n
 
0
CY
L
0
0
0
0
0
eC
;: 
e
O
O
C
 
00
0
0
0
III
N
 
Z 
0'
LU 
0
'r0
O
0s a'
"
'. 
K
. 
0' 
P. 
en
la
 
gC 
a
O
I 
0 I 
I
o0 O
N
 O
 
0' 
0O 
IC 
0' 
0'
0: 
0cr 
C0' 
a,
0' 
a 
0 4 0oCaaa
a
' 
a
, 
m
0
 
&
 
tt r-- 
0 
I- 
a,
Na 
C
0
0
0
0
0
N
 
N
 
M
 N
 N
0
0
0
0
0
1 
1 
I 
I 
I
11111- 
a 
a 
-
C
--
W
, IN
O
 N
 
P
0
0
-I0
0
m* 
I. 
a.- Um 0
lf\ 
a. 
in
 I
N
.-"- 
-
Nj
I 
I
NlyLU
m
 
V)
_
 
<UC0U,
Lv0CL
4a
'
O00t2uja'uL
ui Ka'LUU,
o
t 
C
c 
0O
0uJU
C
O
0
0
0
0
0
0
0
0
C 
0 
0 
0
a
emU cI- ujZLLLI0VIC
N
 
0
_
 
C
LU
LD
c-
40 
U
Jo
attl
u
l 
v0 
4
C
C
 O) 
0
0
0
0
0
O
 
O
0 f-u LiLUL-zuKww LUaU,I .J
N
 
-
N
0
0
0
0 
_
 
0
LU LU
 
LU
c
o
 
C
 
O
o
 
m
_
 1
1
0
m
O
 
11, 
_
! 
IW
' O
 P .
0 C
'O
P
.'C
0
0
' 
"I0
' 
-
-
-
0
0
0
tD 
0 
O
N
 
"
 
ln 
-
1 
N
O
N
VI 
0
0 
N
 
_
 
N
 
0
.
.
.
.
 
NO
O
 
N
 
tV
4
 
C 
o
o
o
o
 
C, O
 0
0
 
xer 0a
Y
Z 0
LU 
-
U.
a
C
LI
Z U
'
-J
a
'-
4L
U
0
0
0
0
0
.
.
.
 
.
.
~9
n
0
 
0i 
0 
j
UO 
_
 
N
 C (b 
UEj
0; 
-N
 
P, 
.t 
In
0a
. ul_10
0
l
5:
U
U
0U
r
CL ta
U
, !o.
aE
I I
Li
.
2-l
4 I-
4 
.U
2LI
04C)0C a'UJa- u,go rZ
U
U
I.-O; 
_
 
N
 
m
 
-*
 W
LUI.z0a.
A
-13
T
H
E
 
JO
H
N
S 
H
orPK
IN
 
U
N
IV
E
R
SIT
Y
A
PPLIED
 PH
YSIC
S LA
BO
RATO
RY
SILVER SPRING. 
M
ARYLANO
Lu4U
caI--0v,
00
NLU e in
u0'M4`
LLU(D0
cc
Nn
.
-
L'
C
C 
uI
0
04-J
74C 0IIrLI,-
I-,
Cu
-n
c:
L 
_
a)
C·)
Y
 
Z
U
 
_)
U
c
L
0
-
00
ICz.4
0
ZC V4 L
Z
V
I
uJLUau-zU
M)0-O
q
0LOL0'0*O
M4LU4c 0LUaQ.i-n
a
cC
E
0
.
L
U
O
ICYZ
U
-
-J
LU
L
in 4
c
r
-
v
 
LU
UC 
z
c
n
-9
 
U
ulULM L
I-zCa0.
LU,
4 
in
-
.4
0
U-
4a
LU
-
414
In
LL'
04aLUaLUin
a
'
00o00000
I-V2
C
0
r
74a
a0U01
0 
C
o
 
c.
o
 
c
a
..00o0Cn
(-'
0c
zC-I
-JZz
of 
o
0o 
o
 
0
0
0
0 
0
0
 
00
o
 
U
 0 
0 
0
0
0
0
0
0
o
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
I- 
L0 
_
 
0
0
0
0
0
0
0
0
0
0
0
r. 
_0 
0_ 
_
 
0 a0
0
c Z0OC-I W'
0000000000
,
 
.O
O
00
0 
0000
In
 
II
LUU
_
 
-
00
_
 
N
N
C- 
n
L 
U
0
0
 C
C 
00N N
V) 
I 
I
U
C 
n
r4CDLUDLUC
I-O 
U
_
a
cr4eOC
t
c0C:3 0 coccJCA
ULUaIn
co
0
0z-a
-
LU 
LU
c 4.
Z
iL
LUur
1- zC4 04-uLU4U0
u
u
LUa 
.(0 (
O
. g 
-
tn
09L
O0OC-cr0
1
-u
L.
A
-14
TH
E
 
JO
H
N
S
 H
O
P
K
IN
S
 U
N
IV
E
R
SITY
APPLIED
 PH
YSIC
S LABO
R
ATO
R
Y
SILVER SPRAIN. 
M
AR
YLAN
D
-
u
I 
I
U) 72: 
uI
0 
L)
O
 
V
i
N
1 
< )4
LiG 
72 
IL 
4 
4
0.
u
.a 
eL
I- 0L
U1,A
V
-4
4
.I 
I
tL
xW
c
, 
LA
-
D
71
N
O
00I 
l
a
tO
40t N
N
 
Il
44IIa 0
co 
I
to
rti
0000
0 
s
04oe
.
o
e
0 
(
N
 4N 
'
In000000
'
0
0
'
0
0
'
N
 
't
f 
,
 
C
, 
N
IU 
U 
IU
0
0
 
O
Nt 4
I 
I 
II
Ce 
e 
o
e
.
'N
 
N
N°?' 
N
@
'+
,tn
NIL
-
V)
N
 
4LN U)
LLCW
N
m
LUw
C 
0 
O
 
0
o
 
0 
n
 
0
L 
e 
e 
0
0
 
e 
eo
 'C
L4V) 
It 0 
04 
e 
e 
,
U 
U 
' 
o
 
0 
0 
@
 0' 
0 
'
*4 
n
 
*n
 
D
_
N
 
NI 
I 
N
 
N
N
G
 
II 
II 
II 
I
Y
ln in
 L
4
~
N
N
 
UU
I 
I 
tDo 0ILa0
-
.
 
0.~~~~-
c
~
~
~
~
~
c
L)
00
LU 
00 
0.
2:V2
L
A
L
O
 U
W
 
C1: 
0
C 
Y
Z
W
O 4U
_
 
Zc
(0.
C,
-
I)C
O
 
2F
0. 
Z 
L)
7,LuLtoC9J
az IL0u LJ
Z 
0
0
 
00
-
w
w
 
W
UU
U)U)U) 
' 
o
 
o0 
0
L 0 
O
0
V) 
_
N
 
N
C 
V)
o
o
U, 
N
 
O
 
0 
0 M
f t 
I
9- 
±
-- 
00
N
 N
 
N
°t
cO
 
O
 0
0
0
 
00
L' 
L 0
u
i
_
 N
 
N
't
co
 
l 
l 
uJ^ 
1
t,
O
 
O
 
4 
ILL 
C
-Iuw
r
-0
 "1
 
0
4
 
0
0
4
eN
 
NON
m
0
0
 
00
l 
WLUW
oe 
o
o
S.,t 
tO
'a
II 
I
0
0
 
O
NI
N
 
N
0
N
UI W
L
_
 
N
 
0n 
I- 
L
I 
I
rrZZI 
I
V) U)
V
44I 
I
aD 
r 
rE
; 
J
1i £U
CU
U
4
0 
I-0)DILo 0'0
0 
p
0l
o
cI 
IC
u
 
Lu
a
'-
O0
O0I 
I
004 
N
00CO.0
't 
1. 
M
 N
C 
0 
00
W
IL 
W
W
N
N
 
_P
-
O
O
C) 
C, 
0
0
 
00n 
.
-
 
L
. 
.
N
N
 
r
-
.C
0
0
 
o0
0 
EtCLP 
0 
0 
0 
0
o
 
o
 
o
 
.
.
.
o
 
0
0
 
0
0
 
00
Lu 
U
 
w
 
u
 
W
 
ILU
t 
'+
 
tin N
 
N
N
 
_I.
U)U) 
0 
0
0
 
00 
00
n
 
O
 
O
o
 
o
 
O
 
O
ca 
O
 0 
O
 
O
O
 
O
 
G
 
I 
I 
I 
I I 
I
Ga
W
0.
n0.
LA
-
-j0.
J 
-r
co 4
D
.0.
Y
Z
I
LO4 Li
o
 
-1
Z
L
e)
() 
en
 
s
m
 
-*
 
M
Z 
0 
0
0
 
00
el 
4 D 
Lm N
 
N
 N
0 
0
0
 
00
w
 
Q
0 
0n 
o
 Ln
o
n
ftI-UI
0C-Joc-a k,I-I1
Jo00
04pmI
-
-
 N Lm
 
a0
0Oo
 p.
luuLw
-
Uw
0
0
 
C O
*
n
O
 
O
 
.
.
 4 
.4
',
 
-
a,
0
0
 
00
0
C
 
00
"o 
o
n
4
0
 
04
_
 
N
 
G
O
N
LUU
a
, 
O
D
 N
eO
l
00OaD
O
1N
00I N
_
-
000O0
LoON
I000
0 
0
A
-15
0 uI
o
 
V)4a
w0.wr0,
ou
u
0000O 
t-2:h-ccz0
tJ
0. 
00
I-zZ0IQ.-j
0.JZ
0 
9
00JJ
-N
NO
V)
IW
 
.LL 
-N
N
a 
00
U
.aCLL
4-
LLCU.
I- IC0.U)0. 
C
U 
-
Z 
LL
m
0
40
-J
Z )
CCr~Cl'JImcc 0cI- OLuacczu)000
LN
TH
E
 JO
H
N
S
 
H
O
P
K
IN
S
 U
N
IV
E
R
SITY
A
P
P
LIE
D
 PH
YSIC
S LABO
R
ATO
R
Y
SILVER 
SPR
IN
G
. 
M
AR
YLAN
D
1 
u
I 
I
V
) 
.r
1 
Z
ujUJ
N
' 
IAG 
Z
0 
Is X
IIr
L 
40
(1 
n
v
-O
'
0'NI,'.LCaLULL"3>2 w0nILO. a
w
Z 0u1
IA
0 UUx 
4
I- 
I
v0
,1V 
IA
 
X
 
IL
7r X
:V
00-4C_JIL0.IL CLi
' 
,d' 
,
 d'
C 
0
0
 
00
O
 
0
l1
 
IU
I4
o
 
o
 
a 
o
 
0 
010 
O
II 
II
0 
0
0
 
00
0 
0
0
 
00
O
 
0
0
 
C
0
0
O
I 
-
-
 
C 
t 
N
0
0
 C
IWL
0+ONOIL
I 
I
4N00I 
I
0
1
4
010'
O
0
0
..
O
 
n
 
n
 
n
0 
0
0
 
C 
0 
00
l 
O
 
O
 
o
 
v)I 
O
 
0
0
 
0 
0O
N
' 
O
 
O
O
i 
0oo 
0O
0
0
 
0 
0 
C) 0
4II
O
 
IL
 I 
.
.
 
4 
.
.4I.
' 
W
I 
I 
I 
II
4 
4
4
 
4
4
 
4N
( 
CC 0 
,
 
0 
N
O
 
O
1
 
C C°
0 
0
0
 
0
0
 
00
J 
Ul Ul 
1 
U
l 
U
, U
l
L 
CO 
O
 
C 
0 t 
O
 
V
I 
L
e)I 
C
, 
4 
IL
 
D
O
 
0
0
 
0
0
 
00
IA
4(C 
.
-
 
O
IL
 .
I 
0.
IA
IA
 
Cl 
0
0
 
0
0
 
O
N
o
 
0
0
 
0
0
 
o
_
4
0
0
 
0111 
111 
0
0
 S
*
. 
.
.
.
.
.
.
O
 
_
_
_
."I 
IL
 
IL
I 
IL
CZujuru .-rUJ
I
Uv)ILLA00 641;
W en NI-,
4ftILNtwL
LULA
-J0o-Jf-I0U.14IA.sUl
IUIL- CnV0'
_
 J
:'
fL
U
l-
JIA
U .
IA
0
'o
0-4
z4CZI)
VU
l
ILC0ZLU 0Il04-J UJJ-, 4r.
ft
LU
w
 
IL
IL
VuI0 7FTI )ZOujC) Orn- I NN'a 4¢) 0IL4ILIL11'((z2'C,0' 0
U
,
,J 0.
J 
ZC JL
 
ILLJU
O
 
V
I
C 
O
4 
Z
U4 
S
I 
0
IY
O
 
U
l 
UU
l
Z 
IL
4 
IL
O
.
I C
-
I 
L_
r 
7 N
O
U
OU 
I
Z 
I 
-
f 
L
A
O
U
l 
L
2
v
n
L
U
O
U-4IU
IA
-1
6
TH
E
 
JO
H
N
S
 H
O
P
K
IN
S
 U
N
IV
E
R
SITY
A
PPL
IE
D
 PH
YSIC
S LA
BO
RATO
RY
SILV
ER SPRIN
O
. 
M
ARYLAND
IC
1.1 t)a1-c2:
T-i
LUSyAItu >DdX 
G
 
tOUlATm)
_g 
of0
4 
0
I
m
 
.
C 
W
N
a
-
-
_
 
O
C. 
0
cN
 
.
O
"W 
I
4-
4 
Z'IVa 
O
,
'
 
;
=
 
II 
C 
i
O
W
O
.
U
.
2 
I 
I,
_
 
1 
L O
_
 
.IU
J 
0
Lu
CD4aaO'
Na
. 42:U
-
In
W
2t4
O
ucaC
D
.YZ aa
-
Inaa a
u
 
ao
V
 
I
a
.
CD14
L
D
.-
.
m
0
4e L
m
 
.
-
Un 
4
4
,-
Z 
I
.4N
InN
LuC,
4a
Lu11 Laaa,oU-
aU
J
wLu-SmaaauxD 1-:0 oca.La LL4VW
InuJ
2:
-
w'Ain04
LJ 
J
-IO 
.
0 
-
O
 
_
u
a C
4
.J 
W
j
WU 
L)
2: 
4n
I 
1
atXLL 
ZIn 
o
 
I
a
 
_
Lu 
C 0
Wj 
LL
Lu 
I-
L 
uaL)l'-411)0-0a
0ULuVI
U
Z
C awa-C
In
O
U
.
a
-
-
lu 
-
coL.)1- 
VU
;
Lu V).UI0z uJ0. InU. wIJL- a:UU
C
Q.
aLUJa:-U
U
 
>
O
 
N
tu
In0.4
J 
U
J
W
 
O
1
-
00 
N
2 
t Lu
a 
In
4
I 
4
f- 
In
2: 
'
0 
I
a.Lu 
Z0
CD 
4
4 
2:
t6 
w
In 
0.L. i
I1-In .4LCJ-0.
a
.Lu0 z-J a
O
.)
D. 
_
Lu
I 
O
.
I
-J 
u
L
u
 
1-
I 
Oo
 
Li
ZI 
LuW 
Z
4a 
0 
2 
2: 
L
4 
1 
a
U
4
LuJI-a.
') 0 I
0.z1 a
V
4
-A
-17I
TH
E
 JO
H
N
S
 H
O
P
K
IN
S
 U
N
IV
E
R
SITY
A
P
P
LIE
D
 PH
YSIC
S LABO
R
ATO
R
Y
S
ILV
tR I 
rPIN
G
o. 
M
A
RY
LA
N
D
N
LAWXV)
II
U
J
U
C 
WU
3
a
.
LuOz -J au.
4 
C
J 
-
I 
_
O
 
U
.
4O _
Z 
LuL 
_
U
 
K
0 
9- 
a
0
4 
O
a
 
W
J4 
N
4 
_
N
.
r- 
.
v
 
0
N
 
I
G1- 
0
N
 
Lu
4
v
 co
C V
 
.
.
D
C
 
-
OC"- 
X
4 
LLof 
;C' 
I
z 
-
A
-18
NLua
CNG W p.-SLuLUU,
W LuI-.1C-J0-Lux9:0a. rV)Luc U,'A 4t,UJLu K
VC (1 au.
.
CC-Ja I-zuZuU4
CC
I: a.
I-
W'AU,a0
W
 
-J
o
 
L
I- V 
_4
cxC
.4 
Lu
aCL 
V)4
I 
u
m
 
c
l'- 
nU,
xo4L 
z
U,
U, 
I
V
I 
2
W
 
Lu
K 
LuCLI40-U,
a
-
LU Na.WLU
WV)aJ C
L
=
- ccW
I 
Ln
e
C
U
-
Z 
-
L
u
C
14
14.L
4-ZIV)
CLL 0u#
.4G Lua.a.V)
u
- 
rO
Lu
IC
L.
4 
I-
ca-
IL *"I
THE JOHNS HOPKINS UNIVERSITY
APPLIED PHYSICS LABORATORY
SILVER SPRING. MARYLAND
ea IF
NA:STRAN EIEC£k PFROBLE1l I
TAT1IC LOADING OF !,FLY F TJFPcpOITED BEAM
UjNDtFORMED S9AH'
Fig. A-1 STATIC LOADING OF SIMPLY-SUPPORTED BEAM; NASTRAN EXAMPLE PROBLEM 1:
UNDEFORMED SHAPE
-- pR
NAPTRAI CHECk PFROLEM I |
STATIC LOADINrG OF SIMrLY ,UrPOITEO RBEAM 
CONCENTRATED LOAD AT CENTER
T.-TtC UEFVORMAT IOI - UCPCAY3E 1 L]AO 7:T 1
5
Fig. A-2 STATIC LOADING OF SIMPLY-SUPPORTED BEAM, CONCENTRATED LOAD AT CENTER;
NASTRAN EXAMPLE PROBLEM 1: STATIC DEFORMATION-SUBCASE 1, LOAD SET 1
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INSTI~AN t'.'~JECtC F1 BL'1M I
NA3TIKAN F ROPLEM 1 I
'STATIC LOADING OF SINPLY 3UFBORTED BEAM IF
D IST.IleUTED LOAD
STArlC DEF'O\ATIwN - 3UPCIA3E Z LOAU SET Z
15
Fig. A-3 STATIC LOADING OF SIMPLY-SUPPORTED BEAM, DISTRIBUTED LOAD; NASTRAN
EXAMPLE PROBLEM 1 :STATIC DEFORMATION-SUBCASE 2, LOAD SET 2
NASTRAN CI-JEC FIFROLEM I
TA.TIC LUADING OF 31SMLY 5UfFogrED BEAM R
CONEFNTItATED PLU7 D ITIBUTED LOJAD
YTATIC DEFOIRMATION - SUBLSF- 3 LOAD 3ET 3
Fig. A-4 STATIC LOADING AT SIMPLY-SUPPORTED BEAM, CONCENTRATED PLUS DISTRIBUTED
LOAD; NASTRAN EXAMPLE PROBLEM 1: STATIC DEFORMATION-SUBCASE 3,
LOAD SET 3
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APPENDIX B
Example 2 - Composite Flywheel
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